In this approach, Zn-M +3 layered double hydroxides (LDHs) with M +3 = Fe, Cr, or Al were synthesized by the coprecipitation method from the aqueous solution at a constant solution pH. The as-synthesized samples were characterized by XRD analysis, FTIR spectra, BET techniques and simultaneous thermogravimetric-differential scanning calorimetry (TGA/DSC). XRD analysis showed that Zn-Fe-CO3 had the greatest lattices parameters. BET surface area of Zn-Fe-CO3 was calculated as 52.24 m 2 .g -1 and was higher than Zn-Cr-CO3 and Zn-Al-CO3 with 46.70 and 49.99 m 2 .g -1 , respectively. The FTIR spectra clearly confirmed the presence of carbonate anions in the structure of the LDHs. Adsorption experiments for Indigo Carmine (IC), as the main model organic pollutant in this study from aqueous solution onto synthetized samples were carried out in terms of solution pH, contact time and initial dye concentration. Experimental results indicate that the capacity of dye uptake augmented rapidly within the first 15, 40, and 55 minuts for Zn-Fe-CO3, Zn-Cr-CO3 and Zn-Al-CO3 respectively and then stayed practically the same regardless of the concentration. Adsorption kinetics studies revealed that the adsorption process followed pseudo-second order kinetics model instead of a pseudo-first-order model. The adsorption isotherm data follow the Langmuir equation in which parameters are calculated. The maximum Langmuir monolayer adsorption capacities were 94.87, 21.79, and 66.71 mg.g -1 for Zn-Fe-CO3, Zn-Cr-CO3, and Zn-Al-CO3, respectively. The adsorption capacities were slightly influenced by the pH variations from 5 to 10, showing the advantage of using these materials in water treatments in a wide pH range. Finally, the IC removal is proven by the presence of IC functional groups in IR spectra and thermograms. TGA/DSC of Zn-Fe-CO3 obtained after removal of IC indicate that the LDHs stabilizes IC and delays the combustion of adsorbed molecules.
Introduction
Dyes are widely used in many industries. Large quantities of dye effluents are discharged from the dyeing process causing serious environmental problems resulting from the water The LDHs physicochemial properties are significantly modified by the nature of the divalent ion, trivalent ion and interlayer anion [28, 29] ; thus, their capacities for the adsorption of pollutants can be altered. The previous studies showed that different kinds of metal cations, i.e. Zn 2+ , Mg 2+ and Ni 2+ influence the crystallinity and the interlayer distance was dependent on ionic radii [30] . It can be assumed that varying in trivalent metal cations, i.e. Fe +3 , Cr +3 , Al +3 would achieve different improved effects on treatment performance of wastewater.
Therefore, the present investigation concerns the synthesis and characterization of Zn-M +3 layered double hydroxides (LDHs) with M +3 = Fe, Cr or Al with a view to understanding the role of the trivalent cation on the structure, crystallinity, thermal stability and studying their sorption capacity for IC dye, the procedure for the synthesis of Zn-Fe (III) LDHs by using Fe (II) is also described. In one such process, the precipitate from Zn and Fe (II) reagents was oxidized to convert Fe (II) into Fe (III) within the solid framework with a Zn/Fe molar ratio of 1 :1 which has not been discussed before. The samples were characterized by powder XRD, FTIR, BET and TGA/DSC. The resulting materials were then used as adsorbent for removal of Indigo Carmine (Table 1) , a highly toxic indigoid class of dye, from aqueous solution. The effects of various parameters on the removal of Indigo Carmine, such as: pH of solution, equilibrium time, and concentration of Indigo Carmine, have been studied in detail to determine the efficiency of these materials under optimized conditions. The localization of the dye in the interlayer space of our samples is studied by infrared spectroscopy (FT-IR) and thermograms. In addition, the Langmuir dlich adsorption isotherm models were applied in order to fit the experimental data in linear and nonlinear regression, kinetic models (firstorder, pseudo-second-order) have been also investigated. However, to our knowledge, there is no published information about the use of these three materials as adsorbents of IC from water.
Materials and Methods

Materials
All the steps of the synthesis were conducted using distilled water. Synthetic reagents used were at least 98-99 % pure and were supplied by Biochem Chemopharma, Merck for Indigo Carmine (IC) (purity >99%). The Characteristics of organic was used as the model pollutant in evaluation of the adsorption are given in (Table 1) . A stock solution of 1000 ppm was prepared by dissolving 1 g of IC in 1 L of distilled water. The solid adsorbent materials were prepared as described in Section 2.2.1.
Methods
Preparation of LDHs
Zn-M-LDHs with (M= Fe, Cr, or Al) were prepared by well-known co-precipitation method. Co-precipitation method is not only simple and low cost but also produces large scale of products. Typically, 0.05 mole of NaOH and 0.1 mole of Na2CO3 were dissolved in 50 mL of deionized water to which 50 mL mixed solution containing 0.1 mole of Zn(NO3)2.6H2O and (0.05 mole of Cr(NO3)3.9H2O or Al(NO3)3.9H2O) with (Zn: M molar ratio = 2:1) was slowly added under vigorous stirring. During the synthesis the pH value was kept constant at 10 by adding suitable amounts of 1 M NaOH solution. The resulting slurries were aged at 343 K for 15 h. After cooling to room temperature; the slurries were centrifuged and washed using deionized water at least eight times to remove free ions. Then the materials were dried at 353 K overnight and the resulting products has a bluegreen for Zn-Cr-CO3 and white for Zn-Al-CO3.
The preparation of Zn-Fe (III) Layered double hydroxides using either Fe (II) or Fe (III) under a nitrogen atmosphere was reported by Morimoto et al. [31] . The product derived from the synthesis employing Fe (II) was found to transition to a Zn-Fe (III) layered double hydroxides phase following oxidation process. In contrast, the product obtained with Fe (III) did not contain a layered double hydroxides phase, but rather consisted of simonkolleite and hydrous ferric oxide.
The preparation of Zn-Fe (III) SO4 LDH using Fe (II) was also reported by Meng et al. [32] . We use a modification of this method to prepare Zn-Fe III -CO3 LDH by precipitation at constant pH in air using an aqueous solution (50 mL) containing ZnCl2 and FeCl2.H2O (with a Zn/Fe molar ratio of 1:1 and a total metal ion concentration of 1.0 mol.L -1 ) were slowly added drop wise to 50 mL of distilled water with vigorous stirring at room temperature. During the coprecipitation reaction, the pH in the reaction mixture was maintained at a constant value of 7 by the simultaneous addition of a 1.25 M NaOH solution, during the synthesis the suspension was turquoise blue. The resulting suspension was aged at 313 K for 24 h. The solid products obtained were then centrifuged and washed thoroughly with deionized water and dried at 313 K for 24 h, affording a pale-yellow solid.
Characterizations
Powder X-ray diffraction patterns (XRD) of synthesized LDHs were recorded using Philips PW1820 diffractometer with monochromatic Cu-K radiation ( = 1.5418 Å at a scan speed of 0.02°/s) over a 2θ range of 5-70°. Identifications of the crystalline phases were done by comparison with the JCPDS files [33] . The incorporation or not of ionic liquid in the assynthesized materials is confirmed by infrared FTIR spectroscopy. The FTIR spectra are recorded in the range of 4000-400 cm -1 by using KBr pellets technique in a Perkin Elmer FTIR 2000 spectrometer. Specific surface area was measured in a Quantachrome Instruments Nova 1000e surface analyzer by nitrogen adsorption N2 (77.4 K) after degassing the sample in a vacuum by flowing nitrogen overnight at 100 °C. The surface areas were determined by applying (Brunauer-Emmet-Teller, BET) method in the nitrogen adsorption data. The pore diameter and the pore size distribution were determined by the BJH method [34] . Thermogravimetric/Differential Scanning Calorimetry (TG/DSC) of [Zn-Fe-CO3], [Zn-Fe-IC], and for pure IC was carried out using LIN-SEIS.STA.PT 1600.ATG-DSC equipment, in the temperature range between 20 and 1200 °C at a heating rate of 10 °C.min -1 in air.
Batch reactor experiments
A dye stock solution of 1000 ppm was prepared by dissolving 1 g of IC in 1 L of distilled water, serial dilutions were made by diluting the dye stock solution in accurate proportions to the desired concentrations from 10 to 200 ppm. For the analysis of aqueous solutions, a pH meter Hanna microprocessor is used for pH measurements. UV-visible spectroscopy is used to determine the amount of residual IC dye in solutions. Experiments are carried out with a UV-Visible "Optizen 2120" spectrometer", the acquisition of UV-Visible spectra is performed through software "Optizen View". The equilibrium batch adsorption studies were accomplishing by taken (0.06 g) of each LDH constant and exposing to 20 mL of IC dye solutions in 120 mL amber bottle. The mixtures obtained are magnetically stirred at room temperature. For the pH effect study, the initial pH of the dye solutions was set to different values, from 5 to 10, by adding 1 M HCl or 1M NaOH solutions at a pre-determined concentration of IC for 24 h. For kinetics studies, at given adsorbent dosage and concentration of IC by varying the contact time from 5 to 120 min, they were then stirred under constant speed at room temperature and natural pH, samples were taken until the equilibrium was established. Isotherms experiments were accomplished at optimum time, where 60 mg of adsorbent was added to 20 mL of dye solution with different concentrations, from 10 to 200 mg/solution. After each adsorption experiment was completed, the solid phase was separated from the liquid phase by centrifugation at 3000 rpm for 10 min. The residual concentrations were determined from UV-Vis characteristics at a maximum absorption wavelength of 610 nm.
In all cases, amounts, Qe, of IC dye removed by the adsorbent in each flask and the efficiency of adsorption (or removal), R, are determined by the following mass balance Equations (1,2):
where, Qe is the adsorbed amount of dye per gram of adsorbent (mg.g -1 ), R is the efficiency of adsorption (%), Ci and Ce are initial and equilibrium concentrations in mg.L -1 , m is the mass of adsorbent in grams and V is the volume of solution.
Due to the inherent bias resulting from linearization of the isotherm models, the nonlinear regression Root Mean Square Error (RMSE), the Chi-Squares ( 2 ), and normalized standard deviation (∆q) test methods are employed as criterion for the quality of fitting using Equations (3), (4), and (5), respectively. where, qe,exp and qe,cal are, respectively, the experimental and calculated adsorption capacities as calculated from the model (mg.g -1 ), and n is the number of experimental data points. Smaller values correspond to better curve fitting.
Results and Discussion
Characterization of Materials
XRD analysis
The XRD patterns of the three LDHs are displayed in Figure 1 , exhibit the characteristic reflections of layered double hydroxides [35] . The XRD pattern consists of both sharp and symmetrical peaks at low 2θ, such as: (003), (006), (012), (009) with some asymmetrical peaks at high angle, the values of their positions give the values of d(hkl). The d003 crystal planes with basal spacing was observed at 7.52, 7.66 and 7.78 Å for Zn-Al-CO3, Zn-Cr-CO3, and Zn-Fe-CO3, respectively.
The XRD pattern of Zn-Al-CO3 also showed Zn(OH)2 and Al(OH)3 phases impurities, which can be determined by comparison of their characteristic reflection pattern to a reference library of samples. These phases in the sample may be the consequence of poor control of the pH during the synthesis.
The first peak of the doublet close to a 2θ of approximately (60-62°) is due to the orientation from the (110) planes, and its spacing corresponds to the lattice parameter a, which coincides with the closest M-M distance in the brucite-like layers. The decrease in the intensity for the (110) plane in the order Zn-Fe-CO3 > Zn-Al-CO3 > Zn-Cr-CO3 indicates a decrease in crystallinity.
The cell constant c are commonly calculated as c=3d(003), while the a dimension were calculated as twice the position of the (110) peaks (a= 2d(110)). The obtained parameters are presented in (Table 2 ). These observed differences in "a" parameters are in agreement with Vegard's law for solid solutions, which corroborates the inclusion of metal cations into the LDH sheet. The ionic radius of Fe +3 (0.645Å) was greater than ionic radius of Cr +3 (0.615 Å) and Al +3 (0.53 Å) [36] and agree well with those reported for hydrotalcite-like compounds [30, 31, 37 ].
FTIR
FTIR spectra for all the LDHs shown in Figure 2 are characteristic for the hydrotalcitelike structures. The broad and strong band in the frequency range of 3250-3500 cm -1 , centered at 3444, 3430, and 3386 cm -1 for Zn-Fe-CO3, Zn-Cr-CO3 and Zn-Al-CO3, respectively are common for all the hydrotalcite type materials corresponding to the asymmetric and symmetric stretching mode vibration of OH groups in the layers (Zn/M +3 -OH or Zn-OH) and the presence of water molecules between layers [38] . The adsorption band in the range 1650-1600 cm -1 is due to the bending vibration of the interlayer water molecules [35] , centered at 1642 cm -1 for Zn-Cr-CO3 and it is not apparent in the case of Zn-Fe-CO3 and Zn-Al-CO3, the sharp absorption bands located around 1624, 1356 and 1359 cm -1 can be attributed to the anti-symmetric stretching vibrations of carbonate anions for the Zn-Fe-CO3, Zn-Cr-CO3, and Zn-Al-CO3 samples [37] [38] [39] . for Zn-Fe-CO3, Zn-Cr-CO3, and Zn-Cl-CO3 LDHs [37] [38] [39] . The vibration bands associated with the organic anion, as well as the adsorption bands characteristic for our samples after IC adsorption are evidenced in the spectrum (d), (e) and (f), the asymmetric stretching vibration related to the S=O bond appears between 1000-1125 cm -1 . The adsorption bands at around 1360 and 1620 cm -1 are assigned to the stretching vibration of the C=C bond belonging to an aromatic ring, while the bands at 1635 and 1065 cm -1 are assigned to those of C=O and C-N bond respectively [40] , the band characteristic to the carbonate anion is evidenced with a considerable decrease in intensity shown in spectrum (e) compared with spectrum (b), confirms the fact that the interlayer carbonate anions have been displaced [41] . In the light of these results, we can deduce that the structural differences between the obtained products were thus confirmed from the results of FTIR meas-urements, and these results were consistent with those of powder XRD analyses. FTIR spectra show that the uptake of IC can be done with our samples.
Surface area measurements
The isotherms of nitrogen adsorptiondesorption at 77.4 K for Zn-Fe-CO3, Zn-Cr-CO3 and Zn-Al-CO3 are shown in Figure 3 . In set of that figures is presented the BJH pore size distribution for each sample and the results of surface area measurements are included in Table 3 . According to International Union of Pure and Applied Chemistry Association (IUPAC) classification [42] , is noted that the Zn-Fe-CO3, and Zn-Al-CO3 isotherms are of type IV and type II for Zn-Cr-CO3. Desorption started immediately after completion of the adsorption Figure 3 (a) and 3(c) which show hysteresis loop in the middle and high-pressure region of the curve, a large uptake of nitrogen is observed close to the saturation pressure Figure 3 (b), exhibiting multilayer adsorption and implying the presence of mesopores [43] . The slight changes in the hysteresis loops were observed for our samples, due to the nature of trivalent cation, these changes are related to the shape and homogeneity of the pore size Figure 3 . Furthermore, the pore-size distribution curves of each samples were calculated according to the Barrett, Joyner and Halenda (BJH) method [34] were vary between 2 nm and 50 nm diameter, indicating the mesoporous structure of these samples. The sample Zn-Fe-CO3, whose textural characteristics are given in the Table  3 , seems to have the best adsorption properties. Indeed, it exhibits a high specific surface area of about 52.24 m 2 .g −1 and a large porous volume of about 0.071 cm 3 .g −1 .
Adsorption Behavior
Effect of initial pH on dye adsorption
As it is known, in any adsorption study, the optimization of the adsorption capacity as a function of pH is necessary in order to specify the pH range for which adsorption by LDHs is effective and optimal. Keeping this in view, the removal of IC dye (50 mg.L -1 ) at different pH values ranging from 5 to 10 onto Zn-Fe-CO3, Zn-Cr-CO3 and Zn-Al-CO3 layered double hydroxides were studied, the adsorption of IC is still effective within this range (Figure 4 ). Following these experiments, it was decided to carry out the retention experiments at pH of the solution (pH= 5.3). Furthermore, improving the removal efficiency of IC by changing the range of pH from 2 to 12 should be further investigated in future.
Effect of contact time on dye adsorption
Effect of sorption time on IC removal by our samples is shown in Figure 5 . Adsorption at different contact time were studied using optimum adsorbents dose of 0.06 g of each solid keeping all other parameters constant. The first observation indicates that the quantity of dye adsorbed increased rapidly within the first 55, 40, and 15 minutes for Zn-Al-CO3, Zn-Cr-CO3, and Zn-Fe-CO3, respectively and its rate slowed down as the equilibrium approach. According to several authors [44] [45] , the adsorption can be controlled by the transferring step of the adsorbate through the outer liquid film and/or of the diffusion of the solute within the adsorbent particle. The adsorbed amounts of dye was found to increase from 3.74, 5.83, and 5.9 mg.g -1 , respectively for Zn-Cr-CO3, Zn-Al-CO3 and Zn-Fe-CO3. Despite the fact that the specific surface area of Zn-Al-CO3 is higher than that of Zn-Cr-CO3 but the interlayer spacing of Zn-Cr-CO3 was found larger than that of Zn-Al-CO3 as confirmed by PXRD. The affinity of IC dye towards Zn-Al-CO3 and Zn-Cr-CO3, respectively, which confirms that the process only involves adsorption on materials surface.
The kinetic data are further utilized in the kinetic modeling to estimate the rate constants along with the removal capacity of these materials. Pseudo-first-order derived by Lagergren Equation (6) [46] and pseudo-second-order model suggested by Ho & McKay Equation (7) [47].
(6) (7) where Qt is the amount of IC sorbed (mg.g -1 ) at a given time t, Qe the maximum adsorption capacity (mg.g -1 ), k1 and k2 the pseudo-first-order and pseudo-second-order rate constants, respectively. The calculated parameters of the pseudo-first-order and pseudo second-order models IC sorption by Zn-Al-CO3, Zn-Cr-CO3 and Zn-Fe-CO3 LDHs were estimated with the aid of a linear regression. The obtained data and the correlation coefficients, R 2 , are given in Table 4 .
As shown in Figure 6 and Table 4 , the high correlation coefficients for the pseudo-secondorder model (0.99), as were the law values of Δq, χ 2 and RMSE, suggested that the adsorption process followed pseudo-second-order kinetic model. Furthermore, the difference between the calculated Qe obtained from pseudo- Table 4 . Kinetic parameters and regression coefficients (R 2 ) for the two kinetic models. second-order kinetic equation and the experimental Qexp was small, meaning that the pseudo-second-order kinetic model was reasonable.
As may be seen that the pseudo-second-order model was better than the Lagergren firstorder model for the systems investigated in this experience, the good fit with experimental data for all samples confirm that the velocity control mechanism of adsorption is chemical adsorption. A similar phenomenon is observed in the adsorption of methyl orange onto Zn-Al layered double hydroxides [30] .
Adsorption isotherms
Experimental isotherm data of IC adsorption onto LDHs are displayed in Figure 7 . The capacity of adsorption Qe increase with the rise of dye concentration Ce until reaching an equilibrium that corresponded to the maximum of adsorption for which the surface of adsorption is saturated. It can be observed that all isotherms curves display the typical "L" shape according to the classification of Giles [48] . The maximum amount of adsorption obtained are 21.79, 66.71, and 94.87 mg.g -1 of IC for Zn-Cr-CO3, Zn-Al-CO3, and Zn-Fe-CO3, respectively.
Several models have been used in the adsorption studies to describe the experimental data adsorption isotherms. In this work, Langmuir and Freundlich isotherm models were evaluated. The Langmuir adsorption model [49] is based on the assumption that the maximum adsorption corresponds to a saturated monolayer of solute molecules on the adsorbent surface. The adsorption data have been fitted to Langmuir adsorption model to estimate the maximum adsorption capacity Qmax correlated to the complete monolayer coverage of the sorbent surface. The equation is given as: (8) By taking the reciprocal of Equation (8), the linear form is given by Equation (9): (9) where Qe (mg.g -1 ) is the amount of dye removed per gram of sorbent, Qmax (mg.g -1 ) is the maximum adsorption capacity, Ce (mg.g -1 ) is the dye concentration in the equilibrium solution, and b (L.mg -1 ) is the Langmuir constant related to the affinity of the binding sites. When the surface of the LDHs is saturated with the dye, Qm and b were determined from the linear plot of 1/Qe versus 1/Ce. The Freundlich isotherm [50] is purely empirical and known to be satisfactory for low concentration is expressed by the Equation 
where kF and n are the Freundlich parameters, whose values were obtained from the plot of log Qe against log Ce. The linear form of Langmuir is given in Figure 8 . The determined Langmuir and Freundlich parameters are tabulated in Table 5 . . (Table 5) , the best fit of experimental data was obtained with the Langmuir model, indicating the homogeneous nature of all the surfaces and the formation of a monolayer of IC molecules on the surface of the adsorbents. The adsorption capacities decreased in the following order: Zn-Fe-CO3>Zn-Al-CO3>Zn-Cr-CO3. This behaviour can be attributed to the peculiar structural properties of each LDHs. As confirmed by BET, the surface area decreased in the same order.
TG and DSC Analyses
The TG and DSC curves for Zn-Fe-CO3, Zn-Fe-IC and pure IC are illustrated in Figure 9 . The results are obtained in the form of the decay curves of the mass associated with the DSC peaks as a function of temperature where the thermogram of [Zn-Fe-IC] is different from that of [Zn-Fe-CO3], which confirms the retention of IC. The thermal evolution under air take place in five consecutive mass loss for which the inflexion points coincide with temperatures corresponding to minima and maxima in the DSC. The first loss of mass from about 26% to 225 °C, to this loss of mass is associated two endothermic peaks at 120 °C and 225 °C correspond to loss of physically adsorbed water and water in the interfoliar space.
In the range 225-600 °C, the loss of mass 3% is a combination of decarbonation and dehydroxylation of the material, this destruction takes place at the same temperature range as that for the parent material [Zn-Fe-CO3] 525 °C. This can be explained by the large interfoliar distance after dye adsorption. A crystallization peak appeared at 425 °C as an exothermic event due to the formation of mono-oxides.
For free IC, it is noticed that two sharp exothermic peaks at 450 °C and 600 °C, these two same peaks were obtained in a higher temperature for the encapsulated IC. The LDHs stabilizes IC and delays the combustion of adsorbed molecules. As well, after 600 °C the mass loss is low when the dye is retained, coinciding with endothermic peak in the DSC profile, it probably corresponds to the elimination of a fragment, which contains sulphur in the form of SO2 because of its slow diffusion in the oxide matrix [51] , an exothermic peak due to crystallization and the formation of mixed oxides, ZnO, ZnFe2O4, Fe3O4, and Fe2O3, as shown in Figure 10 Similar phenomenon are previously reported for hydrotalcite-like materials [52] .
Conclusion
This study evaluated the effect of Fe 3+ , Cr 3+ , and Al 3+ as trivalent cations on the physicochemical properties and dye removal by layered double hydroxides intercalated by CO3 -2 . We were successful to prepare a novel pure Zn-Fe-CO3 LDHs prepared from zinc and iron(II) precursors with a Zn/Fe molar ratio of 1:1. The XRD patterns display high crystallinity of Zn-Fe-CO3 and showed that the interlayer spacing followed this order: Zn-Fe-CO3 > Zn-Cr-CO3 > Zn-Al-CO3. BET surface area of Zn-Fe-CO3 was higher than Zn-Cr-CO3 and Zn-Al-CO3. FTIR analysis after adsorption of IC showed the presence of the vibration bands associated with the organic anion in the interlayer region, indicating that the IC could be adsorbed on our samples. The equilibrium adsorption was increased by increasing the initial dye concentration in the solution. Adsorption kinetics data fitted well to a pseudo second-order kinetic model. The study shows that the results fit well the Langmuir model and the adsorbents used displays a high adsorption capacity of 21.79, 66.71 and 94.87 mg.g -1 for Zn-Cr-CO3, Zn-Al-CO3, and Zn-Fe-CO3, respectively. The results indicated that the adsorption capacities were slightly influenced by the pH variations from 5 to 10, showing the advantage of using these materials in water treatments in a wide pH range. ATG/DSC analysis of Zn-Fe-CO3 after adsorption indicates that the LDHs stabilizes IC and delays the combustion of adsorbed molecules. In addition, the final product is a mixture of oxides that may be used as catalysts. 
